In the development of a nanodevice for biomedical applications, the study of the interactions with the biomolecules is essential. Proteins, in particular, are known to be easily adsorbed on the surface of the nanoparticles and the resulting complex is the one that will be effectively internalized by the target cells. Owing to the versatility of the preparation methods available and the unique optical properties, gold nanomaterials represent an excellent choice to study this interaction. This chapter will initially describe the synthesis of gold nanorods and nanoshells that are able to absorb light in the near-infrared (NIR) region. Then, the methods available for the functionalization of their surface will be discussed. The surface plasmon absorption will be used as an optical tool to monitor the process of preparation and surface modification. In the last section of the chapter, fluorescence and microscopy techniques will be used to follow the formation and characterize the protein-nanoparticle complex. The modifications of the emission spectra of two model proteins, bovine serum albumin (BSA) and myoglobin (Mb), will be analyzed in detail. The data will demonstrate that structural rearrangements following the adsorption on the surface of the nanoparticles are responsible for the changes in the fluorescence of the tryptophan residues of the protein. The data will be discussed in terms of static and dynamic quenching, proving the formation of a protein-nanoparticle complex. Atomic force microscopy (AFM) measurements will allow the direct visualization of this complex.
Introduction
In the last few decades, the use of nanotechnology in the biomedical field has grown exponentially. This interest is originated from the fact that materials at the nanometer scale have completely different properties than their bulk counterparts and these properties are dependent on the particle size [1, 2] . Also, nanoparticles are ideal systems for application in bioimaging and therapy because they are small enough to interact with the biomolecules and to be efficiently internalized by the cells.
The first and most important process that occurs when a nanoparticle comes in contact with a biological fluid is the association with proteins. In the design of engineered nanostructures, this process has to be taken into account, because it may determine the fate of these species inside the living cells, their clearance rate and cytotoxicity. In fact, the systems that will be eventually delivered to the final biological target are protein-coated nanoparticles and their surface properties will affect their ability to cross the cell membrane barrier. Also, the adsorption of proteins on the surface of the particles may lead to conformational changes, unfolding and eventually to their irreversible denaturation [3] [4] [5] . These processes could alter the normal protein functions and cause unwanted side-effects for the organism. For all these reasons, it is clear that a full comprehension of the nature and the mechanism of this process of association can be of support in the development of optimized nanostructures for biomedical applications.
Gold-based nanomaterials (GNMs) are among the most studied systems to be employed as diagnostic and therapeutic tools for biomedical applications. This success comes from their unique properties. They are highly biocompatible and the preparation method can be easily adjusted to control their morphology and optical properties. They also have easy processable surfaces, which allow the conjugation with different ligands for the specific targeting to the cells of interest. Most importantly, when gold is reduced to the nanometric size, the interaction with light under certain experimental conditions produces a strong absorption in the visible region caused by the collective oscillation of the electron cloud on the surface of the metal. This effect, known as localized surface plasmon resonance (LSPR), is extensively used in biological sensing and imaging [6] [7] [8] [9] [10] . In fact, the frequency at which LSPR occurs and its intensity are dependent on size and shape of the nanoparticles, interparticle distance and the dielectric function of the surrounding Medium. All these physical parameters can change upon interaction of the GNMs with the biological species. The adsorption of protein on GNMs drastically modifies the surface properties of gold colloids and may eventually lead to their aggregation. These effects result in changes in the LSPR optical response that can be measured by ultravioletvisible (UV-Vis) spectroscopy.
Many other techniques are currently employed to study the interaction between proteins and nanoparticles, such as Fourier transform infrared spectroscopy (FTIR) [11, 12] , nuclear magnetic resonance (NMR) [13] , circular dichroism spectroscopy [12, 14] , size-exclusion chromatography [15] . Among them, fluorescence is a powerful tool for probing the adsorption of proteins on the surface of nanoparticles because of its high sensibility in detecting even small changes in the microenvironment surrounding the emitting species. Additionally, the use of the intrinsic fluorescence of the proteins to monitor the association process makes unnecessary the attachment of an imaging probe that may perturb the system under investigation.
In this chapter, the interaction of GNMs with different model proteins in vitro is analyzed by UV-Vis spectroscopy and microscopy techniques. The first section describes the most common methods of preparation of GNMs with the focus on those systems whose morphology promotes a shift of the LSPR in the NIR region. An efficient absorption of the system in this portion of the electromagnetic spectrum is desirable because the light at these energies has the maximum penetration in the biological tissues. This section also illustrates the synthetic steps able to functionalize the GNMs surface in order to tune the interaction with the proteins. In the second section, the detailed study of the adsorption of the model proteins on the surface of the GNMs is reported. The modifications of the protein structure and the formation of a complex with the GNMs are demonstrated by UV-Vis absorption and static and time-resolved fluorescence data. Atomic force microscopy (AFM) is used as complementary tool to characterize the protein-GNM complex.
Design of plasmonic GNMs

Nanorods
A class of GNMs, which has attracted much attention because of their potential as therapeutic agents in biomedicine, is gold nanorods (NRDs). They present two LSPR extinction bands, which correspond to the oscillation of the plasmons in the transversal and the longitudinal direction. The transversal mode is not strongly affected by the NRD morphology and the relative absorption occurs at about 520 nm. On the contrary, the position of the longitudinal LSPR can shift from the visible region to the NIR depending on the aspect ratio (length-towidth ratio). Higher is the aspect ratio, lower is the frequency at which the plasmon absorbs. In order to design NRDs with the desired optical properties, several computational methods have been developed to correlate the morphology of the NRDs with their absorption and scattering efficiencies [16] [17] [18] obtaining in most cases an excellent agreement between the simulations and the experimental data.
The first report of the synthesis of gold NRDs is from the group of Jana et al. in 2001 [19] . This experimental procedure is known as the seed-mediated growth method and it is still the most common preparation for this type of GNM. In this synthesis, gold nanoparticles of 1-3 nm (seeds) are obtained by reduction of a Au 3+ salt by NaBH 4 in the presence of a surfactant, usually sodium citrate or cetyltrimethylammonium bromide (CTAB), as stabilizer. These seeds are then quickly added to an aqueous growth solution containing AgNO 3 , CTAB and Au + ions formed by partial reduction of Au 3+ with ascorbic acid. The seeds act as nucleation centers for the reduction of Au + to atomic gold and CTAB, which has a strong affinity for specific facets of the metal, promotes the anisotropic growth of the rod. Through this method, it is possible to obtain NRDs of about 15 nm wide and up to 100 nm long depending on the amount of AgNO 3 and the seed to gold molar ratio in the growth solution. NRDs with higher aspect ratio presenting the longitudinal LSPR region can be still produced with this procedure by an additional growth step in the presence of a mixture of two surfactants [20] .
The extinction spectra and the corresponding transmission electron microscopy (TEM) images of two samples of NRDs synthesized by our group using the seed-mediated growth method are shown in Figure 1 . The sample (a), having an aspect ratio of 2.3 ± 0.2 as determined by the analysis of the TEM images, presents an intense longitudinal LSPR absorption band centered at 652 nm. The use of a larger amount of silver ions in the growth solution increases the NRDs aspect ratio to 4.8 ± 0.2, which shifts the longitudinal band to 775 nm (Figure 1, sample b) . 
Nanoshells
An interesting approach to shift the LSPR absorption in the NIR region is the synthesis of gold nanoshells (NSHs) that are hybrid nanostructures formed by a dielectric core (such as silicon dioxide) covered by a thin and uniform layer of gold. Their optical properties have been rationalized in terms of the coupling between the plasmons of the internal and the external metal surface; the plasmon hybridization model, which can be seen as the analog of the molecular orbital theory for molecules, demonstrates that the extent of the coupling, and thus the shift toward longer wavelengths of the LSPR, depends on the shell/core size ratio [21, 22] . These calculations are in good agreement with the experimental data.
Brinson et al. [23] in 2008 first developed a reliable multistep approach to prepare the gold NHSs. The synthesis starts from SiO 2 nanoparticles formed through the sol-gel method [24] and whose surface is functionalized with amino groups. Separately, gold seeds of 2-5 nm in diameter are prepared by reduction of a gold salt with an organophosphorus compound in water and then adsorbed on the amino-functionalized silica nanoparticles. With a process similar to the one described earlier for the NRDs, the further reduction of Au 3+ by formaldehyde on the seed attached to the SiO 2 surface allows the growth of a complete gold shell. The thickness of the metal layer and thus the position of the LSPR absorption band can be controlled by changing the amount of gold salt in the growth solution. In Figure 2 , the extinction spectra of NSHs synthesized in our laboratory together with the corresponding TEM images are shown. Amino-functionalized SiO 2 nanoparticles of 120 nm were used as template for the formation of the shells. From the analysis of the TEM images, a thickness of the gold layer of 11 ± 1 nm has been measured for sample (b), which corresponded to a LSPR absorption band centered at 805 nm. When a higher concentration of gold salt was present in the growth solution, the shell thickness was increased to 20 ± 1 nm, which resulted in a surface plasmon band blue shifted to 550-600 nm (Figure 2a ). This is explained by the increase in the distance between the inner and the outer metal layer that causes uncoupling of the two surfaces and the extinction spectrum resembles one of the clustered gold nanoparticles on silica [25] . This example illustrates the importance to achieve a strict control of the synthesis parameters in order to obtain nanoparticles with the desired properties. Recently, this multistep approach has been adapted by our group to obtain NSHs with a fluorescent core for biomedical applications [26] .
Strategies for the surface functionalization of GNMs
The functionalization of the GNMs surface is often required for the following reasons: replacing stabilizers used for the synthesis that are toxic for the cells [27, 28] , enhancing their stability in biological environments [29, 30] and introducing species (e.g., antibodies) to promote site-specific delivery of the system in the body [31, 32] . When the stabilization of the GNMs has an electrostatic nature (as for example for citrate-stabilized gold nanoparticles prepared by the common Turkevitch method [33] ), the ligands can be easily substituted by stronger thiolated stabilizers under mild conditions. Using the suitable thiol linker, it is possible to functionalize the GNMs with a wide range of different species such as polymers [34, 35] , fluorophores [36] , deoxyribonucleic acid (DNA) [37] , and antibodies [38, 39] . The ligand exchange is generally carried out at room temperature and it can also involve the use of a biphasic system [40] . However, this method has also some drawbacks. For example, the replacement of the stabilizer could be incomplete making difficult to determine the exact amount of the ligand exchanged. Also, the exchange process could lead to irreversible aggregation.
It has been shown that CTAB is toxic to the cells [41] and CTAB-coated NRDs are unstable in basic conditions [42] . However, its replacement from the surface of the gold nanorods is particularly tricky. The use of thiolate ligands usually brings to a partial exchange on the ends of the NRDs because of the preferential binding of these species on the Au {111} facets [43] . In recent years, various methods have been developed to obtain a complete CTAB removal avoiding aggregation. One of the approaches that can be used is the layer-by-layer deposition of polyelectrolytes on the CTAB-coated NRDs, which assures the control of the polymeric shell and the final surface charge of the rods. This method has been used with good results by several groups [42, 44, 45] . However, the main disadvantage is that the further functionalization of the surface with site-specific ligands is not easy to obtain. The growth of a silica shell around the nanorods is another strategy that can be adopted to remove the surfactant from the metal surface. SiO 2 is a good choice because it is a biocompatible material, it can be prepared with low cost and reliable methods and it can be easily functionalizable with other specific ligands. The silica coating can be carried out in a simple single-step process following the procedure first reported by Gorelikov et al. [46] . Briefly, CTAB-capped NRDs are diluted in water and NaOH is added to raise the pH to ~10. Then, the sequential addition of tetraethylorthosilicate (TEOS) as silica precursor to this solution allows the hydrolysis and condensation of the shell on the NRD surface. After mixing overnight, the silica-coated NRDs are separated from CTAB by centrifugation, removal of the supernatant and redispersion in the fresh solvent. The careful control of the TEOS-to-NRDs molar ratio in the reaction mixture and the amount of TEOS chosen for each addition determines the success of the procedure and the thickness of the coating. To demonstrate this with an example, Figure 3 shows the extinction spectra and the TEM images of two samples of silica-coated NRDs with an aspect ratio of 2.3 prepared by our group in different experimental conditions. For sample (a), the coating process resulted in the aggregation of the nanorods. This aggregation is also confirmed by the extinction spectrum, which shows a broad and unstructured band with a maximum at about 900 nm that is red shifted with respect to the one of the initial CTABcoated NRDs. For sample (b), the fine control of the experiment allowed us to obtain a homogeneous coating of the nanorods with a silica shell of 16 ± 1 nm. In this case, the extinction spectrum resembles that of the NRDs before the exchange of the stabilizer. This example also proves that the optical properties of the plasmonic nanoparticles can be successfully used to monitor the stability of the system in a fast and reliable manner during postsynthesis treatments.
Interaction of GNMs with proteins
Myoglobin (Mb) and bovine serum albumin (BSA) are used as model proteins to study the interaction with GNMs. The structure of Mb consists of a single polypeptide chain of 153 amino acids, which is arranged in eight α-helices for about the 75% of its length. The fluorescence of Mb is dominated by the emission of its two Trp residues with one of them located at the protein surface (Trp-7) and the other one buried inside the hydrophobic pocket of protein (Trp-14). However, this emission is partially quenched by energy or electron transfer to the heme group in the protein [47] and this explains the low fluorescence quantum yield of Mb in the native form. BSA is a relatively bigger protein (583 amino acids) that has numerous biochemical functions and the most important function is the transport of drugs and fatty acids inside the body [48] [49] [50] . In analogy with Mb, it contains two Trp residues, one on the surface (Trp-134) and the other in a hydrophobic domain (Trp-212), which are responsible for the intrinsic fluorescence of the protein [51] . Modifications of the fluorescence properties of the proteins offer useful information on structural changes, rearrangements and eventually denaturation Interactions Between Plasmonic Nanostructures and Proteins http://dx.doi.org/10.5772/63454processes occurring upon interaction with different types of chemical species [52] [53] [54] [55] [56] . In the following section, the same techniques have been applied to the study of GNMs-protein association.
Interaction of Mb with GNMs
NSHs with a silica diameter of 120 nm and a gold shell thickness of 11 nm (for morphological and optical properties refer to Figure 2) were gradually added to a 10 −5
M aqueous solution of Mb. As shown in Figure 4a , the fluorescence spectrum of the protein drastically changed by interaction with the NSHs. A decrease of the band at 320 nm associated with the Trp fluorescence and the appearance of two additional emission bands centered at 390 and 440 nm were observed. Different excitation spectra were recorded at 330 and 440 nm (Figure 4b) , demonstrating that upon interaction with NSHs two distinct emitting species become responsible of the Mb fluorescence. Time-resolved data reported in Table 1 further supported this hypothesis. The fluorescence decay curve recorded at 330 nm for the native protein was successfully fitted with a monoexponential function giving a lifetime value of 2.6 ns. When NSHs were added to the solution of Mb, this value was reduced of about 20%. The fluorescence decay signal at 390 and 440 nm showed a more complex behavior, and from the analysis of the data, we obtained two decay components of about 4.5 and 1.0-1.5 ns. These values and their relative statistical weight on the lifetime were not affected by the concentration of nanoshells in solution. All the fluorescence data suggested that the interaction of Mb with the NSHs brings to the formation of a fluorescent protein-nanoparticle complex in which the protein is in a different conformational arrangement or is partially denaturated. The value of the longer and principal component (4.5 ns) of the decay of the new species was close to the value of Trp lifetime in water [57] , which would indicate that in the rearranged configuration the two Trp are more exposed to the external medium. However, the decrease in the lifetime value at 330 nm suggests that static quenching due to the formation of the Mb-NSH complex alone cannot explain the mechanism of interaction, and energy/electron transfer processes between the Trp residues and the gold are not excluded. The same experiment has been carried out by using CTAB-capped gold nanorods with an aspect ratio of 2.3 ( Figure 1a for the optical and microscopy data of the sample). The addition of NRDs to a 10 −5
M solution of Mb in water efficiently quenched the protein emission, but in this case, no additional bands at longer wavelengths were detected (Figure 5a ). that is several orders of magnitude greater than the maximum dynamic collisional quenching constants of various types of quenchers with biomolecules [58] . This demonstrates that the quenching has an important static component and that a nonfluorescent Mb-NRD complex in the ground state is formed. The fluorescence measurements clearly indicate that the interaction between GNMs and the myoglobin occurs in any case through the adsorption of the proteins on the surface of the nanoparticle although with a different structural rearrangement. Different surface properties of the GNMs tuned by their size and by the nature of the stabilizers could explain these differences.
The role of the surface properties of the plasmonic NPs in the interaction with the proteins has been further investigated by using NRDs with the same aspect ratio of 2.3 in which the surfactant CTAB has been replaced by a uniform silica shell of 16 ± 1 nm (Figure 3b for the optical and morphological data of these nanoparticles).
The addition of silica-coated NRD to a 10 −5 M solution of Mb brought to drastic changes in the fluorescence spectrum of the protein (Figure 6) . The complete quenching of the emission of the native protein and the appearance of a new broad band at 365 nm was detected right after the addition of the nanoparticles. This new emission can be attributed to Trp residues that are completely exposed to a polar environment [49, 59] . The data indicate that the interaction of Mb with the NRD surface is followed by the denaturation of the protein that brings the Trp-14 to be in contact with the water solvent. The adsorption of Mb on the silica-coated nanorods has been also demonstrated by AFM microscopy. A drop of the solution containing the protein and the silica coated NRD at concentrations of 10 M, respectively, was deposited on freshly cleaved mica. After complete evaporation of the solvent, the sample was scanned with an AFM in tapping mode. The topographic image in Figure 7a shows objects of about 200-250 nm that can be associated with aggregates of 2-3 nanoparticles. The irregular surface of these particles and the presence of regions at different phase contrast (Figure 7b ) indicate that these species are covered by Mb molecules as previously observed with microscopy techniques for other protein-silica systems studied by our group. The presence of protein molecules on the surface of the silica-coated NRDs could also assist and promote the aggregation process [60] . 
Interaction of BSA with GNMs
NRDs with different surface properties have been employed to study the interactions of plasmonic nanoparticles with BSA. The fluorescence spectra of the protein upon gradual addition of increasing amount of nanorods with an aspect ratio of 2.3 are reported in Figure 8 . showed an upward curvature which indicates that the decrease in the fluorescence intensity might be due to a bimodal mechanism of interaction. A small red shift of 2-3 of the emission maximum also suggests that a certain rearrangement of BSA follows the adsorption of the protein on the silica surface of the nanorods.
Conclusion
Nowadays, several nanodevice families are available as biomedical tools. Among them, goldbased nanomaterials have a prominent role to play because of their excellent properties. In this chapter, we demonstrated that it is possible to obtain GNMs through simple and reliable chemical methods and their optical properties can be tuned by changing the synthetic conditions. Nanorods capped with CTAB can be prepared by a seed-mediated growth method in aqueous solution and the final aspect ratio strongly affects the position of the longitudinal plasmon band of the extinction spectrum. The removal of the toxic CTAB from the metal surface of the rods is necessary in order to use these them for in vivo applications and we showed that different approaches can be used to exchange this surfactant with other stabilizers. By a fine control of the preparation conditions, it is possible to grow a silica shell of variable thickness on the nanorods, which can be further functionalized with site-specific ligands. Another interesting system showing plasmonic properties is gold nanoshell made of a silica core covered by a thin layer of gold. Depending on the ratio between the size of the core and the shell thickness, the surface plasmon absorption can be shifted from the visible to the NIR region of the spectrum which is desirable for biomedical applications.
In the second section, we described in detail the interaction of model proteins with these two types of gold-based nanomaterials through fluorescence and microscopy techniques. In all cases, quenching of the protein emission was detected. The data analyzed by the Stern-Volmer equation indicate that protein-nanoparticles complexes are formed at the ground state. The appearance of new red-shifted emission bands in the fluorescence spectra and the AFM images confirmed the presence of these species. The comparison between the data collected for the nanorods before and after growth of a silica shell demonstrated that the surface properties of the nanoparticles have an important role in regulating the process of protein adsorption.
The use of GNMs as biomedical devices requires the in-depth study of their therapeutic efficacy along with their potential toxicity. In this context, a deep comprehension on how the biological molecules interact with the nanoparticles is desirable. Several recent studies have been focused on the biological effects of GNMs, but a detailed description of the mechanism of interaction between proteins and nanoparticles and a comprehensive study of the factors affecting this interaction is still lacking. This knowledge would bring enormous advantages in the design of nanomaterials with controllable properties. The development of methods sensitive enough for the detailed study of NP-proteins interaction is also a challenge. For this purpose, singlemolecule techniques and ultrafast spectroscopy may play a fundamental role in elucidating the mechanism of interaction between a protein and a metal surface with high spatial resolution. Moreover, a multimethod approach would allow describing in detail the process of protein adsorption onto GNMs from different points of view. The big question that remains open is how to obtain the interaction information with a similar sensitivity in a living organism. By addressing these issues, it will be possible to create gold-based nanostructures with engineered surfaces that could interact predictably with proteins opening up the possibility to obtain more efficient therapeutic agents and nanoprobes for biomedical applications.
